Alloy 617 is the one of the leading candidate materials for intermediate heat exchangers (IHX) of a Very High Temperature Reactor (VHTR). System start-ups and shut-downs as well as power transients will produce low cycle fatigue (LCF) loadings of components. As a series of the work to better understand the LCF properties of Alloy 617 weld joints at high temperature, firstly, in this work, strain-controlled LCF testing of Alloy 617 base metal (BM) and weld joint (WJ) by a gas tungsten arc weld process (GTAW) were carried out. Fully reserved total-strain controlled LCF tests have been conducted at room temperature with four total strain ranges of 1.5, 1.2, 0.9, and 0.6%. For the LCF tests triangular test waveforms with a frequency of 0.25Hz were applied. The present paper is to characterize the LCF properties for Alloy 617 base metal (BM) and weld joint (WJ) from the cyclic stress response behavior and fatigue fracture behavior, with the comparative method. The cyclic stress response behavior was influenced by the level of total strain ranges and the material properties. Though base metal (BM) had shown higher plastic strain accumulation, the observed fatigue life of the weld joint (WJ) is lower than the base metal (BM). Coffin-Manson relationship and energy-life models can be used to determine the fatigue life.
Introduction
The Very High Temperature Reactor (VHTR) is one of the most promising Generation-4 reactor types for the economic production of electricity and hydrogen. Its major components are the reactor internals, reactor pressure vessel (RPV), piping, hot gas duct (HGD), and intermediate heat exchangers (IHX) . The IHX is a key component. Alloy 617 provides good properties for components of power generating plants with high temperature strength, a wide range of corrosive environment, and oxidation resistance. Therefore, Alloy 617 is being considered as a primary candidate due to its creep strength at elevated temperature above 800 o C [Kim et al. (2013) ]. System start-ups and start-downs as well as power transients will produce low cycle fatigue (LCF) loadings of components [Carroll et al. (2013) ]. This consideration is used to determine the material resistance of the cyclic loadings and properties of Alloy 617. Generally, some of the components are combined with welding techniques. Therefore welded joints are inevitable in the construction of mechanical structures [Prasad et al. (2008) ]. As well know, the welded joint is more brittle than base metal and may have several original defects, the fatigue life is predicted shorter than the base metal [Carroll et al. (2013)] .
A series of research and development activities on the Alloy 617 weld joints has been carried out in KAERI. Meanwhile the reported data on LCF properties of the Alloy 617 weld joints need furthered investigation. In order to better understand fatigue properties of the Alloy 617 weld joints at high temperature, the main purpose of this paper is to investigate the cyclic stress response and fatigue life behavior for Alloy 617 base metal (BM) and weld joint (WJ). Thereafter in this investigation, the LCF properties of the Alloy 617 BM and WJ at room temperature in air is being compared.
In the present paper, strain-life curves are derived from fatigue tests under completely reversed (R = -1) cyclic loading between constant strain limits with measurement of stress amplitude, as listed in ASTM Standard No. 606. This study investigated the LCF behavior and fatigue life were also examined and compared using two different models which is very commonly used by researcher, such as Coffin-Manson relationship and energy-life to find the best model for life prediction.
Nomenclature
total strain range plastic strain range modulus elasticity (GPa) fatigue ductility coefficient fatigue strength coefficient fatigue ductility exponent fatigue strength exponent number of cycles to failure (cycles) stress range (MPa) cyclic strain hardening exponent total strain energy (MJ/m 3 ) material energy absorption capacity fatigue exponent
Experimental Details
The chemical composition of the Alloy 617 is given in Table 1 . The amount of each element was well within the ASTM standards E606 specifications. The BM was a hot rolled plate a thickness of 25 mm. Afterward, welded plate cuts prepared for the WJ specimen which has a single V-groove with an angle of 80 o from the GTAW process. A filler metal was used for KW-T617 (brand name) that was prepared according to AWS specifications. Details of the welding method can be found in Kim et al. (2013) . Cylindrical samples, used for LCF testing, were machined from weld pad as shown in Fig. 1 and Fig. 2 is a schematic geometry of LCF specimen. Fully reversed total axial strain controlled LCF tests were conducted at room temperature in the air at four different total strain-controlled ranges, i.e. 1.5, 1.2, 0.9 and 0.6% using a servo hydraulic machine equipped at a constant frequency of 0.25Hz. The waveform is chosen in triangular shape as we know that no hold time applied in this experiment. The fatigue life was taken as the cycle number corresponding to a 100% drop in the peak tensile stress.
Results and Discussion

Low cycle fatigue properties of Alloy 617
From experimental results, the tests under different total strain-controlled versus number of cycles to failure of LCF were summarized in Fig. 3 . The given results are for total strain-controlled 1.5, 1.2, 0.9 and 0.6%, respectively. The figure evidently shows similar behavior for both BM and WJ specimens decreasing in fatigue life according to increasing in total strain range. In consequence of small deformation that occurred when the amplitude stress also smaller in the specimens. The grain movement proportionally leads to deformation and generate strength of material rapidly decreasing. Therefore, the dislocations of grain boundaries play a major role in the fatigue crack initiation [Paul et al. (2010) ].
In engineering materials usually exhibits cyclic hardening or softening to some level in cyclic plastic deformation process. The higher stress is generating a crack is to nucleate. For higher total strain ranges cyclic softening are observed until the rapid stress drop to failure. At the lower total strain ranges more likely constant saturation phases is stabilized during the cyclic loading and decreasing slowly until failure [Carroll et al. (2013) ]. Fig. 4 presents four conditions fully reversed total strain-controlled LCF tests (Left) is the cyclic stress response curves of the Alloy 617 for BM and WJ at room temperature. While, increase in stress amplitude with number of cycles for total strain controlled showed cyclic hardening and contrarily the decreasing in stress amplitude means cyclic softening. Alloy 617 showed a combination of cyclic hardening and softening followed by final fracture, almost without reaching its saturated values except on lower total strain ranges. Therefore, the cyclic hardening and softening phases on material also depend on loading conditions [Paul et al. (2010) ]. Afterward, (Right) is a comparison of peak stress as a function of cycle between four total strain range conditions. For consideration, the cyclic loading must contain maximum and minimum peak stress level. The peak stress may be compression and tension and may change depend on time. The stress-strain hysteresis loops at half-life were identified and compared for Alloy 617 BM and WJ, as shown in Fig. 5 . So far, from this figure we can clearly see the WJ showed a longer narrow and thin hysteresis loop, and the BM showed a short and fat hysteresis loop that reflects the characteristic of BM being low strength and high ductility, otherwise the WJ being high strength and low ductility. Furthermore, the higher plastic strain enhances the growth of crack [Bannatine et al. (1990) ]. 
Fatigue life evaluation
The results from half-life of LCF tests were obtained for Alloy 617 BM and WJ. The Coffin-Manson relationship, Eq. (1), shows the experimental relationship between plastic strain, elastic strain, and total strain range and number of cycles to failure with log-log coordinates in four conditions of fatigue tests. It can be obtained from the correlation between Eq. (1) to find the constants value from the best fit line using a least square method approachment.
(1)
Where E is the modulus elasticity, and σ f ' and ε f ' are the fatigue strength and fatigue ductility coefficients. b and c are material exponents measured in fully alternated tension-compression fatigue tests. The results of analysis for regression coefficients of Alloy 617 BM and WJ at room temperature for strain-life parameter are given in Table 2 , respectively [Bannatine et al. (1990) The predicted life obtained by employing the present parameter and also compared to the experimental data of fatigue life shows in Fig. 6 . It shows that the proposed models can correlate the experimental data and all predictions are within range by factor of 2.
Halford and Morrow [Morrow (1964) ] provide an analysis procedure for LCF of metals based on plastic energy concept. The plastic strain energy density which is defined as the inner area of the cyclic stress-strain hysteresis loop. Generally, the plastic strain energy calculated at half-life. The plastic energy can be calculated based on components of stress and plastic strain range, because the value of elastic energy is very small or negligible. For a Masing material, the cyclic plastic strain energy as the area of hysteresis loop can be expressed as in Eq. (2). Where n' is the cyclic hardening exponent.
(2) Thus, the hysteresis plastic strain energy is related to the number of cycles to failure by a Power law function. Because of this consideration, the similar relationship can be derived for total energy dissipated or number of cycles to failure in Eq. (3). Where, A and α are material constants, representing material energy absorption capacity and fatigue exponent. The coefficients value can be determined from the best fit line of experimental data. 
The values of material energy absorption capacity and fatigue exponent for Alloy 617 were identified, which is for BM are 56860.41 and -0.54727 and for WJ are 104059.08 and -0.67608, respectively. These values can be used to find the predicted life for Alloy 617 based on energy density parameters. Generally, the prediction of fatigue life have been investigated and compared with experimental data in Fig. 7 . Where all predictions are within range by factor of 2 of the experimental data [Abdalla et al. (2009); Lagoda (2001) ; Jahed et al. (2006) ].
Conclusions
The LCF properties of Alloy 617 BM and WJ at room temperature for four different total strain range conditions, i.e. 1.5, 1.2, 0.9, 0.6% and fatigue life for different two models using Coffin-Manson relationship and energy-life have been investigated and determined. The observed fatigue life of the WJ is lower than BM. The BM shown elastic strain is dominant at long lives. The BM had longer transition fatigue life than the WJ. It can be found that Coffin-Manson relationship further shown its value is more appropriate when compared with data experimental life. The error accuracy were identified for Coffin-Manson relationship and energy-life are 18.4% and 25.3%, respectively.
